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TECHNICAL MEMORANDUM

MATERIALS SCIENCE ON PARABOLIC AIRCRAFT

The FY 87-89 KC-135 Microgravity Test Program

INTRODUCTION

From across the U.S. and sometimes from around
the world, on a monthly basis, teams of scientists
travel to Ellington Air Force Base near Johnson
Space Center (JSC). In a hanger off a large airport
runway, early Monday momning, they assemble an
elaborate and varied array of scientific hardware and
electronics. Each team tests their own hardware.
Failures occur and often send technicians scrambling
to on-site machine shops or off-site electronics
outlets. The next morning, often after weather
delays, the 22 scientists, technicians, photographers,
journalists, and sometimes dignitaries sit buckled in
the rear of the large KC-135 interior waiting for
take-off. Before them spread throughout the cabin
their apparatus hum, display lights twinkle, and
heaters heat. The plane roars into the sky over the
Gulf of Mexico. Parabolic maneuvers begin, always
making a certain number of the passengers violently
ill. The world, now, is a very different place where
researchers become so light that they can fly, then 20
sec later weigh 400 pounds. And the common
materials processes, on which our society relics, often
change just as dramatically.

For over 20 years the NASA KC-135 and her
predecessor aircraft have provided what is arguably
the world’s most active low-gravity materials science
program. These flights are supported by NASA
Headquarters scientific and commercial microgravity
programs, managed by Marshall Space Flight Center
(MSFC), and operated by JSC. They support foreign
and domestic scientists from government agencies,
NASA centers, academia, and private enterprise. The
system allows ready access to low gravity, but
requires that experiments be carefully designed and
implemented to isolate the gravity variable and to
provide meaningful scientific data in low gravity of
only 25 sec duration.

This volume covers research results from the
KC-135 materials science program managed by
MSFC for the period FY87 through FY89. This
report follows the previous report for FY 84-86
published as NASA Technical Memorandum 4059,
August 1988. This volume contains over 30 reports
that cover research pertinent to virtually all arcas of
microgravity science. As an aid to the rcader the
reports are grouped into eight subject arcas.

Section 1 reports detail the acceleration environ-
ment to be expected onboard the KC-135. Included
are the frequency dependence of g-jitter the charac-
teristics of Martian, Lunar, and low-gravity
parabolas. A method to evaluate accelerations by
direct measurement of particle motion in transparent
systems is also described. Information on induced
curvilinear motion is deduced tht is not easily
detectable by linear accelerometers. These data
provide a good initial basis for planning aircraft
experiments.

The KC-135, as in the past, was exicnsively
utilized to support orbital flight experiments. These
results are reported in section 2. United States
Microgravity Laboratory (USML 1) Protein Crystal
Growth experimental procedures were tested and
modified, and the new procedures were verified. The
low-gravity performance of robotic systems was
evaluated for Space Station Freedom. The Casting
and Solidification Technology (CAST) experimental
system designed for the Intemnational Matcrials
Laboratory (IML-1) Spacelab mission was shown to
detect gravity-dependent growth variations during
KC-135 parabolas. Mixing protocols for USML-1
zeolite growth experiments were tested and op-
timized. KC-135 tests of the ultrasonic bubble
positioning experiments for the USML-1 Glovebox
resulted in injection tip redesign to increase the



success probability for the space shuttde experiments.
Phase partitioning systems to be flown in the space
shuttle middeck were screened for optimum composi-
tion, and KC-135 low-gravity coarsening kinetics
data obtained were later found to complement those
taken in onc gravity and in orbit. Subsequent success
of the above experiments on the space shuttle is a
testament to the high rate of return on NASA's
instrument in the parabolic aircraft materials science

program.

Transport and interfacial phenomena studies on
the KC-135 are the topic of section 3. Aircraft
experiments on container shape and wall coating
effects on immiscible liquid demixing documented
deviation from the predictions of the Concus theory.
Rotating cylinder experiments validated theory for
two-phase rotation fluid shape in low gravity.
Bioconvection studies during low-gravity parabolas
resulted in the determination of the conditions for
gravity-dependent and gravity-independent cell flow
patterns. In another study low gravity was used to
prepare undrained soap cell boarders, an otherwise
inaccessible state, to study flotation and Rayleigh-
Taylor hcavy over light fluid instabilities. Using a
torque meter viscometer, the validity of the no slip
boundary condition was tested for the low-gravity
cnvironment.  Electrodeposition for nickel during
multiple low-gravity parabolas did not produced an
amorphous product. This is contrary to what was
reportcd for continuous deposition in sounding rocket
low gravity. Reduced sedimentation of tracer
particlcs in low gravity enabled the quantification of
the Kirkendall effect for gas diffusion. These fluid
science result, in all, are extraordinarily diverse and
scientifically fruitful.

Thermodynamic and combustion results are given
in section 4. A holographic study of heat transfer for
a fuid near its thermodynamic critical point was
undertaken to calculate the heat and mass transfer and
compare it with theory for near critical point systems.
Tn this section pulse heating experiments, which can
be used to determine important thermophysical
matcrials properties, are described that have extended
the mclting point limit above 1500 °C, for the first
time, by utilizing the advantages of low gravity. The
phenomenon in which the lack of convection causes
flames 1o lake spherical shape has been documented
in Drop Tower experiments. The longer low-gravity
perind for the KC-135, however, was utilized to study
the longer-term stability of this flame morphology.
The results of aircraft thermodynamic and combus-

tion studies continue to be of fundamental importance
for space system safety, combustion engineering and
basic science.

Section S5 describes experiments in which the
KC-135 was utilized to develop the technology for
containerless processing in space. The capability of
the High Temperature Acoustic Levitator (HAL) was
extended to three-axis positioning of samples heated
to 1500 °C. Other studies utilized acoustic levitation
to study the solidification of organic samples heated
to 200 °C. Experiments on the KC-135 allowed the
isolation of the levitating field intensity from the
gravity variables for comparison with ground
experiments. The KC-135 hardware and science
development effort for containerless processing has
been instrumental to its success in the MPS program.

Laser and plasma arc welding experiments are
described in section 6 (solidification with a free
surface). Two studies report utilized the orbital arc
welding apparatus. The first investigated coalescence
due to arc-induced convection, Marangoni convec-
tion, and particle pushing in immiscible metal alloys.
The second investigated white iron solidification and
regraphitizing for FeC alloys. Another study utilized
a laser welding apparatus to track microstructure
variations during resolidification of stainless steel and
transparent metal models solidified in the low- and
high-gravity portions of the parabola. The behavior
of weld pools in low gravity is not yet well under-
stood; thus their contained study is of both practical
and scientific importance.

The interaction of a liquid melt with its crucible
(covered in section 7) has proved, since the first
Skylab crystal growth experiments, to be of scientific
interest as well as an important experimental
parameter for solidification in space. Cu-Pb-Al
immiscible alloys of varying composition were gas
quenched during low gravity in alumina crucibles.
Aluminum composition, which influences the
interfacial energy between melt and crucible, was
found to be a determinant factor in the alloys ability
to form fine dispersions when solidified in low

gravity.

Cd-Te solidification experiments were performed,
using the same apparatus and sample size, to
determine if melt crucible dewetting would occur in
orbit. Cd-Te, however, could not be made to solidify
in a single low-gravity period. Ga-doped germanium
crystals directionally solidified in quartz crucibles



during continuous low-gravity parabolas yielded
surface striations that are characteristic of free
surface solidification. However, indium antimonide
directionally solidified during low-gravity parabolas
did not reveal dewetting under direct video observa-
tion of the solid liquid interface. These data suggest
that the KC-135 can provide critical information on
the melt crucible interactions, but limited low-gravity
time make it practical only for some of the systems of
interest for solidification in space.

KC-135 provides the unique capability when
combined with unidirectional solidification of having
in one sample a series of identifiable sections grown
in low gravity or in high gravity. Section 8 describes
results for metallic-based systems which are normally
solidified at rates fast enough to make them particu-
larly well suited for KC-135 study. Cu-Pb-Al
immiscible alloy samples directionally solidified
during low-gravity parabolas show strong gravity
dependence in both phase fraction and phase
alignment of microstructures. Metal matrix ceramic
particulate composites solidified in low gravity
(relative to high gravity) were shown to have more
uniform dispersions and lower particulate engulfment
rate. Immiscible alloy solidification experiments
with the binary alloys Cu-Pb and Ga-Bi have
determined that alignment and microstructure of
phases, grain size, fiber growth initiation, and
interfiber spacings are modified in low gravity.
Studies with Fe-C alloys documented a strong gravity
dependence for the nucleation of graphite grains. The
electronic properties were measured for Al-In-Sn
immiscible alloy sections solidified in low and high
gravity. The sample solidified under one gravity or
high gravity is normally resistively metallic, but
when solidified in low gravity it became semi-
metallic. The superconducting transition temperature
of the low-gravity sample was increased by 15%.
These experiments illustrate the fact, long known in
the industry, that convection effects strongly
influence the properties of a casting.
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KC-135 ACCELERATION
LEVELS DURING LOW-
AND HIGH-GRAVITY
TRAJECTORIES

Investigators: Guy A. Smith and Gary L.
Workman, The University of
Alabama in Huntsville, Johnson
Research Center, Huntsville, AL

CHARACTERISTICS OF LOW-GRAVITY
PARABOLAS ON THE KC-135

OBJECTIVES

The "weightless” environment experienced
by occupants of the KC-135 when the aircraft
flies parabolic maneuvers provides a unique
testbed for a variety of experiments. The range
of experiments that utilizes the reduced gravity
includes physiological, scientific, and engincer-
ing experiments. The most publicized work has
been the many significant results that have been
obtained by physiological studies on the effects
of reduced gravity on humans and animals. The
KC-135 testbed can also be used for determin-
ing human factors requirements in preparing for
space flight activities, particularly in practicing
for the human’s ability to perform particular
tasks in microgravity. In preparation for space
flight activities, the KC-135 has provided
extraordinary service and cost-savings for
pre-space flight validation of procedures and
personnel.

In addition to the simulated low-gravity
experiments on the human element, a number of
useful experiments can be performed to check
out equipment and physical concepts prior to
initiating the huge expense associated with a
manifested space flight. Within this concept are
a number of materials processing experiments
that allows a preliminary look at the effect of
reduced gravity on fluid phenomena and
solidification experiments. The materials
processing community can and has taken

7

advantage of the KC-135 as such a testbed quite
frequently over the years.

Much can be leamed about the role of
reduced gravity on both the physical phenomena
being studied in a materials processing experi-
ment. The impact of electrical power and
physical constraints of the aircraft itself, and the
physiological effects on the personnel perform-
ing experiments in the varying gravity levels of
the aircraft all effect how well an experiment
works on the KC-135. The ultimate goal is
usually to provide a near free-fall environment
which allows one to predict how well the same
experiment would operate in microgravity and
in some fashion extrapolate from the 0.01 g
expericnced in the KC-135 to 0.00001 g
experienced in space. Hence, the quality of the
aircraft low-gravity period certainly affects the
experimental results obtained and how it should
be interpreted.

Quality of Low Gravity Experienced
on the KC-135

There are a number of conditions which
affect the quality of the low gravity experienced
by both the experiments and the personnel
performing the experiments. The most signifi-
cant factor affecting the quality of low-g
maneuvers  is  clear air turbulence, which
significantly affects about 20% of all flights. It
is especially prevalent during the winter months
when the weather along the Louisiana coast is
quite variable. During good weather conditions
clear air turbulence is significant in only a few
low-g maneuvers per flight, and usually without
forewaming.

The KC-135 flies a parabolic trajectory to
achicve low gravity. The trajectory is initiated
by orienting the nose of the aircraft up at 45°
during the entry into the low-g phase of the
parabola and exited at 45° with the nose down.
The rotation of the aircraft during this maneus . :
provides a small variation in the acwal g le,gi
experienced by the individual experunems
since the variation in g depends on the pitysi &

o ' PREGEDING PAGE BLANX MOT FILMED



location of the experiment in the aircraft.
Figure 1 was reproduced from a chart obtained
from the KC-135 Operations Office at JSC.

Instrumentation

In most experiments it is desirable to obtain
acceleration data in all three axes. The data
shown here were obtained from accelerometers
housed in commercially available triaxial
mounts. As can be seen in the charts presented
here, there are significant acceleration effects in
all three axes; hence, the triaxial-axial mount
has been the preferred mounting for ac-
celerometer data. Two different models were
used in the data sets presented here. A set of
Systron-Donner Model 4310A was used for the
free-floating data scts and a Sundstrant Model
303T14 were used for the floor-mounted data
scts. Their accuracies are checked annually
using the Earth’s gravity as a standard, corrected
for the latitude of Huntsville, AL. The resolu-
tion for each set of accelerometers was less than
0.0001 g. Nominal accuracy for both sets in the

instrumentation used for the measurements is
10.5 mg.

EXAMPLES OF ACCELERATION DATA
OBTAINED DURING KC-135 FLIGHTS

The University of Alabama in Huntsville has
operated a variety of experiments on the
KC-135 since 1983. During this time the flight
personnel have experienced a full range of
reduced gravity environments. A large amount
of accelerometer data has been collected in
performing reduced gravity experiments on the
aircraft in this ime frame. As mentioned above,
weather is the most prominent source of a poor
quality low g experienced by the experimenter.
In cases where turbulence is excessive or the
pilot cannot find “clear air" in which to fly
parabolas, the mission is justifiably aborted.

There is a "typical parabola” for normal
flight conditions and an accompanying g level
profile for any experiment package which is
bolted to the floor of the aircraft. Note that
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Figure 1. Variation of g level with respect to placement in the KC-135 aircraft.
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there is also the possibility of free-floating an
experiment in order to improve the minimum or
quality of the g level for a particular type of
experiment. Free-floating experiments require
the operators to hold onto the experiment until
the low-gravity portion of the parabola is
attained, and then gently release the package.
The package then floats for about 5 to 15 sec
depending upon the quality of the parabola and
the size of the package. The smaller the
package the more room there is for it to free
float prior to contacting the cabin walls. The
accelerometer package used to collect the free
float acceleration data was less than 1 ft3. Even
a package this small would quite often contact
the walls after only a few seconds of actual free
float time.

The best indicator of the effect of the
parabolic trajectory is given in Figure 2. This
chart shows accelerometer data from a series of

parabolas. Note that the g level varies normally
between 0.01 to around 1.8 g. Consequently the
experimental hardware has to function
uniformly throughout this range. Other con-
straints on the equipment and the supporting
structures which are required for safety concems
are outlined in the JSC KC-135 User’s Guide
which is available from the KC-135 Operations
Office.

It should be noted that all of the data pre-
sented in graph form have been digital filtered
by a simple running average. This was done to
eliminate the millivolt level signal noise and the
high frequency components from the data for
clarity. When needed every single data point for
each channel can be recalled and analyzed.

It is interesting to note that although the
KC-135 flies a parabolic trajectory, the resulting
g profile more closely resembles a square wave.
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Figure 2. Typical accelerometer data obtained during a series of parabolic flights on the KC-135.
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Thus if one were to model the effects of the
varying g levels on a KC-135 experiment, it
would be more realistic to model the g level
source function like a square wave and not like
the sinusoidal one that would be expected from
the flight profile.

There are large g changes occurring in the
high-g portion of the flight. Both the experi-
ments and the passengers experience these
changes. However, some experiments can be
performed which take advantage of the higher
gravity, particularly for solidification studies.
The non-uniformity of the high-g profile may
not allow for good scientific results, since the g
level is more difficult to control.

A closer look at the low-gravity portion of

There are some minor excursions from 0.01 g
due primarily to weather effects or instability in
the aircraft’s flight path. Note that there is
relatively greater variation in the up/down and
front/back motions than in the side/side direc-
tions. This information is useful for orienting
experiments which may have specific orienta-
tion requirements.

As mentioned earlier, an improvement in the
low-gravity profile can be obtained by free-
floating small packages. Figure 4 gives ac-
cclerometer data for an experiment package
during release and free-float. Note that in this
experiment there is a data cable attached to the
package which may cause some of the residual
acceleration effects seen in the free-floating

the parabola typically resembles Figure 3. mode. However the g profile is obviously much
0.07
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Figure 3. Accelerometer data showing a typical variation in g during
the reduced gravity portion of the parabola.
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Figure 4. Example of accelerometer data from an experiment free-floating within the aircraft cabin.

smoother in the free-floating mode and would
probably be even smoother without a data cable
dangling from the package. In addition the
package is isolated from the higher frequency
vibrations originating from the engines, pumps,
and high velocity airflow around the aircraft’s
exterior surfaces. Note that at the point marked
"RELEASE.." on the graph the package
free-floated from the operator’s hands. Data
were averaged to reduce the electrical noise
level.

Comparisons of good parabolas experienced
during good flying conditions with the "bad"
conditions experienced in turbulent weather
provide useful criteria with which to judge what
kind of useful information is being obtained in
an experiment during flight.
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Obviously excessive motion of the aircraft due
to turbulent weather will impact the data
obtained from an experiment which depends
upon fluid flow. Figure 5 shows such a
comparison.

It is obvious from the typical worse case
example that large g levels greater than 0.1 g
over several seconds are going to significantly
affect any materials processing experiment.
Under these conditions, even the operators in
the aircraft experience significant turbulent
motion and bounce around in the aircraft.

As another final example, on June 4, 1991, a
series of lunar and martian g parabolas were
performed. These particular g levels were
obtained by "stretching" out the trajectory of the



VARIATION IN G LEVEL QUALITY WAS DUE TO CLEAR AIR TURBULENCE
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Figure 5. Comparison of the quality of the g level during a KC-135 parabolic period
in good and poor weather conditions.

parabola the required amount. Accordingly the
length of time increased from the typical 20-25
sec for a low-gravity period to 26-28 sec for
lunar g periods and to 29-33 sec for martian g.
In referring to Figure 6 there seems to be a
repetitive drift in the vertical g acceleration
throughout the lunar and martian g period which
is absent from the low-gravity period. This is
apparently due to a control problem with the
aircraft at the time the data were taken.

DISCUSSION

The information provided in this report
presents a good estimate as to the quality a user
of the KC-135 can expect during a flight. It
should be clearly noted that these graphs
provide only a broad view of what one can
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expect - there is no way to accurately predict the
quality of low g from one parabola to the next.
With this in mind the inclusion of ac-
celerometers into the experiment package is
almost mandatory. A sudden g spike caused by
cither the aircraft or a person striking the
package and its effect upon the results would
otherwise be impossible to correlate.

The types of accelerometers available to the
experimenter cover a wide range of applications.
In determining what type of accelerometer to
use, the following questions need to be
addressed.

1. Is a single axis sufficient or are all
three required?

2. What are the resolution requirements?
Is 1 mg sufficient or should it be even better?



3. What is the frequency response
needed? Piezoelectric  accelerometers  for
instance are good for the higher frequencies but

not the low.
4. What are the accuracy specifications?

Factors such as temperature change will induce
drift in all accelerometer output signals. In
addition all accelerometers have a certain
amount of nonlinearity inherent in their design.
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MICROGRAVITY FLOW
VISUALIZATION

Sponsor: Commercial Programs through MSFC

Investigators: Gary L. Workman and
William F. Kaukler, The
University of Alabama in
Huntsville, Huntsville, AL

OBJECTIVES

Quantification of fluid movement which
would affect microgravity materials processing
experiments. Fluid motion observations are
used to verify the effects of any accelerations on
fluid behavior within the sample ampoule.
Quantification and observation of the relaxation
of the fluid motion upon going into the low-g
portion of the parabola was also an objective of
this study.

Flow visualization data recorded during
parabolic flight can be used to evaluate fluid
motions during flight or, in some cases, to
provide supporting information on fluid motions
occurring at specific times, such as might occur
during particular parabolas or in turbulent
weather conditions. The resulting KC-135 data
are also useful for obtaining experimental
parameters in order to develop a model that
could predict fluid convective behavior in the
transient g levels of the KC-135, as well as
provide insight to experimental improvements
expected when performed on a space-based
platform.  This simulation ability will also
enable a better interpretation of the effects of the
low-gravity environment of the KC-135 during
parabolic maneuvers on various materials
processing experiments.

EXPERIMENTAL PROCEDURE
AND RESULTS

A video flow visualization apparatus, similar
to a Stockbarger-Bridgman furnace, has been

[FENTIONALLE Bibme
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constructed using a heater/cooler combination to
apply a thermal gradient through a transparent
ampoule and flown in the KC-135 aircraft with
vertical alignment of the temperature gradient.
Simultaneous video recording from two or-
thogonal views of tracer particles during the
parabolic maneuvers allows observation of
convective and buoyant flows during changes in
the gravity vector.

The apparatus constructed for this experi-
ment is shown in Figure 1. Two simultaneous
orthogonal views of tracer particles in the fluid
of interest are recorded using two CCD cameras
and combined into a single side-by-side image
on the video tape, together with pertinent
experimental data such as g level, temperature
gradient, and time. Figures 2-4 show
reproduced images recorded from typical
KC-135 flight data. Results obtained from these
flight data were expected, except for some
subtle indication of rotational motion which was
not attributable to gravity-driven convection.
Actual flow velocitics are expected to be in the
range of 105 to 109 m/sec with the experimen-
tal arrangement used in this work, with the hot
zone on top. These rates are difficult to measure
in a reasonable length of time; hence, the
computational model described below s
probably easier to use to establish the flow field
quantitatively.

The rotational acceleration concepts are
difficult to sort out in rectangular sample
containers and have not previously been of
much concem to the materials processing
community. However, the study of the effects
of rotational acceleration may deserve some
attention in future research activities.

Experimental parameters can be adjusted by
varying the ampoule geometry, and materials
properties, such as thermal conductivity, densi-
ty, and viscosity, and thermal conditions can be
selected to offer a range of values for fluid
dynamic parameters (Prandid, Schmidt, and
Raleigh numbers). For example low Prandd
numbers are desired to model semiconductor

PREGEDING PAGE BLANK 'NOT FILMED



and metal melts as well as predict their be-
havior. Note also that the sampie ampoule in
the Microgravity Flow Visualization Apparatus
can be translated during flight to allow sampling
of various depths with the ampoule.

A parallel effort to develop numerical
modeling capability using Easyflow software
has also been done. Several models were
developed for simulating water samples and
germanium to determine if the software gave the
same results as published work. Both steady
state and transient models, as well as 2-D and
3-D, were run. Graphical outputs show both
temperature and convective flows resulting from
varying g level only during an experiment.
Figure 3 shows how the Easyflow software
displays this information. In general, the results
using water sample provided much insight into
the fluid motions occurring during simulated
parabolic flight and compared quite well with
the experimental observations. Figure 5 shows
a typical sequence of how the convective flows
and temperature gradients change during
transition from 1.8 to 0.01 g in the numerical
simulation. We were not able to study rotational
acceleration in the current version of the
software.

The Microgravity Flow Visualization
Apparatus can provide data from fluid motions
during KC-135 or space flight in order to
correlate the effect of such motions on a crystal
growth or some other materials processing
experiment. Easyflow models also are able to
provide computational capability for predicting
fluid motions during g level changes. The
subsequent effect of these fluid motions on an
actual crystal growth process has yet to be
investigated.
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Figure 2. Dual specimen cell views and overlayed data from video. Data taken June 1991.
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temperature gradient across the cell is 25 °C and velocities are on the order of 1 x 10

Figure 5. Sequence showing velocity flows (streamlines) and thermal gradient in 1-sec increments after going from 1 g to 0.01 g. The
a PC provided the computations.
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PROTEIN CRYSTAL
GROWTH KC-135 FLIGHTS

Investigator: Lawrence J. DeLucas, Associate
Director, UAB Center for
Macromolecular Crystallography,
University of Alabama at
Birmingham, Birmingham, AL

OBJECTIVES

During the last year, several new hardware
concepts for protein crystal growth were
designed and fabricated at the University of
Alabama at Birmingham (UAB). Each hard-
ware prototype was tested on three different
KC-135 flights. The following describes the
hardware that was tested and the results from
these tests.

EXPERIMENTAL PROCEDURE AND
RESULTS

Hardware Developed for United States
Microgravity Laboratory 1

For this mission, special vapor diffusion
experiment chambers were developed for use
with the glovebox facility that will be located in
the spacclab module. The experiment chambers
were constructed using polysulfone, a material
that is non-wetting and generally inert to most
proteins. Using a prototype glovebox developed
at UAB that can be used as a level of contain-
ment for liquids that are extruded into these
experiment chambers, each experiment chamber
design was tested on the KC-135. The solutions
typically uscd to grow protein crystals along
with the protein lysozyme were extruded from
Hamilton syringes into depressions in each
experiment chamber. The overall method of
extruding the protein solution into the experi-
ment chamber was tested and subsequently the
stability of the microliter size droplets was
observed. In addition, special vials that con-
tained a rubber septum were used to house the
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concentrated buffers and protein solutions used
for these crystallization experiments. The
feasibility of withdrawing milliliter quantities of
these solutions into the Hamilton syringes was
tested. It was noticed from the first KC-135
flight that once the vials were 50% depleted, the
remaining solution wicked along the container
walls thereby preventing further liquid from
being withdrawn into the syringe. Several
different wicking designs were then fabricated
at UAB and tested on a subsequent KC-135
flightt. The second flight yielded valuable
information in that one particular wicking
arrangement consistently held the solution near
the septum end of the bottle and allowed 95% of
the contents of the bottle to be successfully
withdrawn into the syringe. From these experi-
ments we have now fabricated and approved for
flight the experiment chambers and buffer and
protein bottles/vials.

Hardware Developed for COMET

A batch crystallization system will be
utilized for crystallization experiments to be
performed on COMET currently scheduled for
Septeember 9, 1992. The hardware design
requires that two concentrated and viscous
solutions be mixed once in orbit. It is important
that the mixing occur quickly and be 100%
effective. Prototype hardware was designed and
fabricated at UAB and subsequently tested on
the KC-135. Two methods were used to
determine the effectiveness of this design in
providing adequate mixing: (1) photographic
documentation using colored solutions, and (2)
refractive index measurements taken on the
mixed solutions. The KC-135 flight verified
that the prototype design provided 100% mixing
with 5 seconds for the most viscous solutions
that are typically used in protein crystallization
experiments. Based on these data, the flight
hardware is currently under construction at UAB
and once completed, will again be tested on the
KC-135 aircraft in 1992.
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RESULTS

The KC-135 aircraft has been instrumental in
allowing prototype hardware concepts to be
tested, modified, and retested in a short period
of time. This information has been highly
beneficial in allowing us to quickly arrive at
hardware which can be effectively used in the
microgravity environment provided by the
space shuttle. Protein crystal growth experi-
ments are scheduled to fly on several more
upcoming shuttle flights (an average of three to
four shuttle flights per year over the next 5
years). During this time, additional new
hardware concepts will be fabricated at UAB
that will require testing on the KC-135 aircraft.
Therefore, we anticipate continuing to fly an
average of three times per year to accomplish
this testing to support our flight program.
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CHARACTERIZING
MICROGRAVITY
PERFORMANCE OF A
LABORATORY ROBOT

Investigators: Elaine Hinman and Cynthia
Coker, EB24/NASA, Marshall
Space Flight Center, Huntsville,
AL, Gary Workman, Carlos
Rondon, Houcheng Li, and
David Gilliam, The University
of Alabama in Huntsville,
Huntsville, AL

OBJECTIVES

Several studies have indicated the need for
the use of increased automation to increase
productivity in space. In many cases, these
studies have concentrated on external or
extravehicular uses of automation; however,
telescience as a tool for increased productivity
has also been cited. During the early phases of
Space Station Freedom, it may be possible to
exploit the projected man-tended configuration
for microgravity science use.

The objective of this project has been to
develop an understanding of the requirements
imposed on laboratory, or high precision, robot
systems by the microgravity environment.
Emphasis has been placed on finding ways of
reducing transient loads imparted to an object
manipulated by a robot. The gathering of actual
low-gravity robot acceleration data, and its use
in developing an accurate dynamic simulation
for use in controls work, has been a primary
focus of this effort.

EXPERIMENTAL PROCEDURE
This experiment was broken into two major

components: flight testing and computer
simulation. Each is described below.

Y
e
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A robotic workeell, consisting of a Zymark
Zymate II robot system, with supervisory
control provided by a Commodore Ammiga
2500 computer and PC/AT bridgeboard, was
developed for flight testing on the KC-135
aircraft. An accelerometer was positioned on
the wrist of the robot, while base aircraft
accelerations were provided by neighboring
experiments. The test apparatus is shown in
Figure 1.

The robot moved through various trajectories
during the low-gravity portion of the aircraft’s
parabola. Most of the robot trajectories tested
were single-axis motions. This was done in
order to look at accelerations produced at the
ends of those particular trajectories, and to try to
examine the motion’s characteristics rather than
making the tests 100 robot-specific.

Concurrently, the computer simulation was
developed. The TREETOPS software package
was used to develop the dynamic model of the
Zymate flight unit. This program was designed
for use in dynamic analysis and control system
development.

TREETOPS is designed to model and
simulate multibody structures which have a tree
topology. TREETOPS may be used to produce
a time history of interactions which take place
during the motion of the system modeled.
Systems are modeled by breaking them down
into "bodies" connected by "hinges." Actuators
and sensors are also defined. Characteristics of
each body, hinge, sensor or actuator are indi-
vidually entered into the program. For example,
a body’s mass or the degrees of freedom of a
hinge would be entered. TREETOPS allows the
incorporation of outside information on a
system, such as a user-written control system or
NASTRAN results.



RESULTS

Several things were leamned during the
course of the experiment. Operationally,
developing useful trajectories to fit within the
short microgravity portion of a parabola can be
done. In this project, short, easily-repeatable
trajectories were used. These trajectories were
run several times to allow for statistical analysis.
Longer trajectories could be broken into
component parts and "hooked together” if care
was taken to account for intermediate stopping
motions. FFT analyses of the flight data are
currently being performed.

The initial Zymate TREETOPS model has
been developed and early test cases run. Actual

flight results are to be incorporated as the data
are analyzed to increase simulation fidelity.
Figure 2 shows the Zymate robot as defined for
TREETOPS modeling. A sensor is located at
point P to measure motions and accelerations of
the end effector.

Results from two simulation test cases are
shown in Figures 3 and 4. In this case a typical
test trajectory was run, and the mass at the end
effector was varied. With incorporation of the
actual robot flight data, these simulations are to
be used to predict performance under various
conditions. These predictions can then be tested
in flight. Control schemes can be tried to reduce
the accelerations produced while the robot is
performing different tasks.

Figure 1. KC-135 robot flight unit.
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KC-135 EXPERIMENTAL
PROGRAM CASTING AND
SOLIDIFICATION
TECHNOLOGY

Investigator: M. H. McCay, University of
Tennessee Space Institute,
Tullahoma, TN

OBJECTIVES

The use of metal models to study the
solidification process is very common and is the
approach used in this research. The models
chosen are transparent and provide a medium
easily probed by optical diagnostic techniques.
The dependence of the index of refraction of the
material on its density permits concentration and
temperature gradients to be measured in real
time through phase sensitive optical techniques.
The author has used a variety of such techniques
to study solidification in ammonium chloride
and water and the results have been reported in
several publications.!4 This research used a
solution of 28 wt% NH,CI-H,0 along with the
central dark ground method’ to study the effect
of varying gravity level on diffusion-limited
unidirectional dendritic solidification.

EXPERIMENTAL PROCEDURE
Metal Model

The metal model chosen for this study,
ammonium chloride and water, solidifies
dendritically and is optically transparent with an
index of refraction that is a function of both
temperature and concentration. The variation of
refractive index has been characterized by the
equation3

n=1337-173x104T-22°C) +
Y]
1.63 x 10°3(C - 27.07 wt%),
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where n is the index of refraction, T is the
temperature in °C, and C is the concentration of
ammonium chloride in wt%. In addition, the
rejected solute produces a light layer within the
mushy zone and thus this solution is an excel-
lent model for superalloys which also produce a
light layer as they solidify. This characteristic
permits the stability of such layers to be studied
using the metal model material.

Diffusion Layer Stability

The diffusion layer for the system under
study is composed of water-rich liquid which is
solutally lighter than the bulk. This gives rise to
a classic Rayleigh-type instability which the
authors have examined in detail.!3 One of the
original purposes of performing the experiments
reported here in low gravity was to reduce the
Rayleigh number and permit the diffusion layer
to develop fully. The NASA KC-135 low-
gravity aircraft permits only 30 seconds of low
gravity interlaced with 90 seconds of twice the
Earth’s gravity. This negates the opportunity to
study breakdown of the layer; however, the
30-second low gravity should be sufficient to
detect growth differences between laboratory (1
g.) and low-gravity environments.

Solidification Assembly

Figure 1 is a schematic of the solidification
assembly. The solution was sealed in a quartz
cuvette instrumented with thermocouples along
the side walls. Thermoelectric devices (TEDs)
placed at the top and bottom surfaces were used
for heating and cooling and the entire process
was computer controlled to meet preselected
conditions. A positive temperature gradient was
applied between the TEDs, and the gradient was
ramped downward at a selected rate. An
expanded collimated laser bcam was directed
through the cuvette and optically processed to
extract index of refraction data.



Optical Assembly

For both the ground-based and KC-135
experiments the solidification assembly was
operated on the specially built flight-worthy
optical system shown schematically in Figure 2.
All processes and data acquisition were com-
puter controlled. The optical data recording was
accomplished with CID video cameras which
permitted the use of image analysis equipment
for post-flight data reduction. By using two
cameras, both the central dark ground optical
methods and a neutral buoyancy particle
tracking Schlieren technique could be used
simultaneously.

The video systems provided a continuous
record of the optical character of the cuvette’s
fluid. A video card within the personal com-
puter control and data acquisition system was
used to provide video output of pertinent
thermocouple data so that all absolutely required
information was in video format.

Procedure

The pertinent physical parameters selected
for this study are given in Table 1. A hold
period of 90 minutes, consistent with the time
available on the aircraft, was used for both
ground and flight experiments. This was known
to be sufficient to give linear thermal gradients
and an acceptable interface flatmess. On the
flights, the initial conditions could only be set
up for the first set of parabolas. After that the
conditions were less than optimum due to the
high gravity periods experienced during the
parabolas which led to extreme convection,
mixing, and general turmoil.

SUMMARY

The basic objective of these experiments was
to examine the growth of the diffusion layer
above the solidification front and compare that
growth with ground-based growth of the layer at
the same conditions. Figure 3 shows photo-

graphs of the confocal system video image
during solidification. The dark band is the
refraction null which corresponds to the density
inversion associated with rejection of lighter
fluid during solidification. The center of the
null is used as the measure of the diffusion layer
growth. Figures 4 and 5 present the null layer
size as functions of time for the ground-based
and flight experiments, respectively. The low-g
portion of the flight is shown with dark symbols.
The significant information on the plots is the
slope. In previous experiments the flight data
slopes had been significantly larger (20%) than
the ground base. The slopes for the new data do
not reveal that trend. Within experimental error
the slopes are approximately the same, 0.89
mm/min.

Figure 6 is a photograph of fluid behavior
during low gravity. The observance of a "slosh"
is evidenced by the non-vertical streaming of
salt finger plumes which are always observed
after diffusion layer breakdown. The lateral
sinusoidal behavior was also observed in
accelerometer data.8 This lateral gravity "slosh”
was noted for all run conditions. Since the
Rayleigh fluid configuration is inherently
unstable to lateral accelerations, this reflects
strongly on all the data obtained.
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Table 1. Solidification Run Conditions

Temperature Gradient 15 °C/cm
Temperature Ramp Rate 8 °C/min
Temperature Gradient Hold Time 90 min
Bottom Cuvette Temperature 22.5°C

Gravity Alignment Solidification Axis

{=1.37 min

t=1.78 min

Figure 3. Time sequence of solidification during KC-135 flight (COP view).
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Figure 6. Knif